Silicon dioxide films were grown using an atmospheric-pressure plasma jet that was produced by flowing oxygen and helium between two coaxial metal electrodes that were driven by 13.56 MHz radio frequency power. The plasma exiting from between the electrodes was mixed with tetraethoxysilane (TEOS), and directed onto a silicon substrate held at 115-350
Introduction
Silicon dioxide is one of the primary materials used in the fabrication of integrated circuits. These films are used as interlayer dielectrics and gate oxides in transistors [1] [2] [3] [4] [5] , and are either grown by thermal oxidation of silicon [6] , or deposited by thermal or plasma-enhanced chemical vapour deposition (PECVD) [7] [8] [9] [10] [11] . The latter method is preferred when deposition must be carried out at a low temperature. The PECVD of silicon dioxide is carried out using either silane, SiH 4 , or tetraethoxysilane (TEOS), Si(OC 2 H 5 ) 4 . Although higher deposition rates are achieved with silane, better conformal coverage is obtained with TEOS due to its lower reactive sticking probability (0.045 compared to 0.35 for silane) [11] . In addition, TEOS is less hazardous and easier to handle. For these reasons, PECVD with TEOS is the preferred process for SiO 2 deposition in integrated circuit manufacturing [2, 5, 7, 12, 13] .
We have recently developed an atmospheric-pressure plasma jet for use in materials processing [14] [15] [16] [17] [18] . The physics 3 Author to whom correspondence should be addressed.
and chemistry of this device show similarities to that of lowpressure plasmas [19] . For example, the current-voltage curve of the plasma jet exhibits a Townsend dark region, followed by spark breakdown, a normal glow region, an abnormal glow region and, finally, arcing. This same behaviour has been observed in a low-pressure dc discharge [20] . In addition, normal glow occurs in both the jet and the dc discharge at currents from about 0.01 to 1.0 A and voltages between 100 and 400 V. Based upon a theoretical fit of the neutral Bremsstrahlung emission spectrum, it has been estimated that the density of charged particles in the atmosphericpressure plasma jet ranges from 10 11 to 10 12 cm −3 , which is in the midrange of operation of low-pressure plasmas [19, 21] . On the other hand, the former discharge exhibits high concentrations of O atoms and ozone, both equal to approximately 10 16 cm −3 . By contrast, the concentrations of these two species in low-pressure oxygen plasmas are about 10 14 cm −3 and below 10 10 cm −3 , respectively.
It is generally believed that oxygen atoms are active in the decomposition of TEOS during the CVD of silicon dioxide [11, [22] [23] [24] . Given that the O atom concentration in the plasma jet is so high, it was decided that this source may be well suited for the PECVD of SiO 2 . Therefore, this process was studied thoroughly and an account of our findings is given below. In particular, the operating parameters used with the plasma jet affected the film growth rate and its properties in a way that is analogous to that observed in low-pressure plasmas. This reinforces the conclusion that O atoms are important reactive intermediates in the deposition of SiO 2 from TEOS.
Experimental methods
A schematic of the plasma jet is shown in figure 1 [15] . It consisted of two 14.5 cm long concentric electrodes made of stainless-steel. The inner diameter of the outer electrode was 1.6 cm, while the gap spacing was 0.16 cm. Oxygen and helium were passed through the annular space between the electrodes, and a plasma was generated by applying RF power at 13.56 MHz to the centre electrode. TEOS was added to the system by passing a small flow of helium through a bubbler that contained the volatile precursor. This mixture was injected into the plasma through a 0.16-cm tube fixed inside the nozzle at the end of the jet. The entire gas stream was directed onto a silicon wafer located 1.7 cm downstream.
The silicon dioxide films were deposited on p-type silicon substrates, 1.5 cm × 1.5 cm. These samples were cleaned by immersing them in boiling sulfuric acid for 5 min and dilute hydrofluoric acid for 30 s. After each acid dip, the samples were rinsed in deionized water. During deposition, the substrate holder was heated to between 115 and 350
• C, as measured by a thermocouple attached to the back of the sample. Unless otherwise noted, the standard process conditions were 757 Torr He, 3 Torr O 2 , 7 mTorr TEOS, 115
• C, 280 W RF power and a total flow rate of 49 l min −1 (measured at 20
• C and 1 atm). Under these conditions, the transit time from the nozzle to the sample was 0.6 ms.
Film composition was examined by transmission infrared spectroscopy using a Bio-Rad FTS-40A spectrometer with a DTGS detector. An ex situ ellipsometer (Gaertner L116B) was used to measure the film thickness and the refractive index (λ = 632 nm); the psi and delta parameters were fitted by the software provided with the instrument (Gaertner LGEMP). The deposition rate was calculated by dividing the film thickness by the reaction time. The dielectric constants of several films were calculated from capacitance measurements, after constructing a parallel plate capacitor of known plate area and separation. • C and 280 W RF power.
The film uniformity over the area used for the capacitance measurements was within 5 nm. Finally, several samples were imaged by atomic force microscopy (AFM), using an Autoprobe VP manufactured by Park Scientific Instruments.
Results

Deposition rate
The effect of the TEOS partial pressure on the deposition rate is shown in figure 2 . The TEOS partial pressure is varied by changing the helium flow rate through the bubbler, while holding the bath temperature constant at 17
• C. The partial pressure is calculated assuming saturation of the vapour. Since the concentration of the TEOS in the jet effluent is not accurately measured by an independent technique, the trend in the figure should be taken as a qualitative indication of the effect of this process variable. Nevertheless, one sees that the deposition rate increases with the TEOS pressure throughout the range examined. Similar results have been reported for low-pressure PECVD processes [5, 23] .
The effect of the oxygen partial pressure on the deposition rate is shown in figure 3 . In this experiment the oxygen is fed between the electrodes and undergoes ionization. The • C and 280 W RF power.
deposition rate increases with the oxygen partial pressure, and, based on the slope of the log-log plot, the reaction order in O 2 is 0.3. The maximum amount of oxygen that can be fed through the plasma is 14 Torr. At higher pressures, the plasma extinguishes. In addition, it should be noted that if no oxygen is fed to the system the deposition rate falls to zero. Furthermore, adding 4 Torr O 2 through the nozzle, instead of upstream of the plasma, yields a deposition rate of only 10 nm min −1 . Shown in figure 4 is the effect of the RF power on the deposition rate from 180 to 500 W. Below 180 W the deposition rate is too slow to be measured accurately, whereas above 500 W the jet arcs. The deposition rate exhibits a strong dependence on the RF power: the slope of the log-log plot equals 1.4. Also shown in figure 4 is the dependence of the ozone partial pressure on the RF power. The ozone pressure is measured at the exit of the nozzle using an electrochemical sensor [14] . One sees that this reaction product decreases rapidly with the applied power, in the opposite direction of the deposition rate. The maximum SiO 2 deposition rate obtained in this study is 300 ± 25 nm min −1 at 749 Torr He, 11 Torr O 2 , 53 mTorr TEOS, 115
• C, 400 W and 41 l min −1 total flow. The TEOS pressure is calculated assuming saturation of the He gas passing through the bubbler at 200 cm 3 min −1 and a bath temperature of 30
• C. A plot of the logarithm of the deposition rate as a function of the reciprocal temperature is shown in figure 5 . The substrate temperature ranges from 115 to 350
• C. It is observed that the SiO 2 growth rate does not follow an Arrhenius relationship, but instead declines with increasing temperature. The drop in the rate is especially rapid between 275 and 350
• C. As discussed below, the substrate temperature also has a strong effect on the film properties.
Film properties
In figures 6(a) and 6(b), a series of transmission infrared spectra are presented of silicon dioxide films grown at different temperatures. In these figures, the specific absorbance was calculated by dividing the measured absorbance by the film thickness. The peaks at 450, 800 and 1080 cm −1 are due to the rocking, bending and asymmetric stretching modes of siloxane bridges, respectively [25] [26] [27] [28] . The broad shoulder at ∼1200 cm −1 is also due to the asymmetric stretching vibrations of siloxane groups, although in this case, the Si-O-Si species are most likely located at a surface [26, 29] . At a surface, these groups are not subject to the dielectric screening effect, and so exhibit higher frequency stretching vibrations than their counterparts in the bulk [30] . The broad shoulder may also be due to OH incorporation in the form of silanol [27, 28, 31, 32] .
Further examination of the infrared spectra reveals that some of them contain a well defined peak at 930 cm −1 , a broad band at 3400 cm −1 and a shoulder at 3650 cm −1 . These three features are due to hydroxyl groups. The peak at low frequency may be assigned to the O-H deformation mode, while the broad band and shoulder are due to the O-H stretching vibrations of hydrogen-bonded and isolated hydroxyl groups, respectively [32, 33] . It should be noted that no peaks are detected at 2900 and 1730 cm −1 due to C-H and C-O stretching vibrations, indicating that the ethoxide ligands do not incorporate into the film at any of the growth temperatures examined. Furthermore, the H 2 O band at 1650 cm −1 is not observed. It is evident from inspection of figures 6(a) and 6(b) that the compositions of the silicon dioxide films changes with deposition temperature. Increasing the temperature from 115 to 250
• C reduces hydroxyl incorporation and results in a significant decrease in the features at 930, 1200, 3400 and 3650 cm −1 , suggesting that the porosity of the films has declined substantially. This decrease in porosity is a direct consequence of the reduction in hydroxyl incorporation [4, 26, 28, 29] . By 250
• C, these features are nearly absent from the spectrum. Evidently, Si(OH) x species are stable intermediates in the decomposition of TEOS by PECVD, and a relatively high substrate temperature is needed to drive the reaction all the way to SiO 2 .
Atomic force micrographs of silicon dioxide layers deposited at 115 and 350
• C are presented in figure 7 . The film grown at the lower temperature exhibits a peak-to-valley surface roughness of 230 nm, and one sees in the image white circular protrusions with diameters of 0.1-0.3 µm. These protrusions most likely cover over large voids within the film. This is consistent with the infrared results, which indicate that the material is porous. Moreover, several researchers have reported that voids are present in silicon dioxide films grown by PECVD below 200
• C [1, 34] . In contrast to the results obtained at low temperature, the film deposited at 350
• C has a much smoother surface. No features are discernable in the AFM image, figure 7(b) , and the peak-to-valley surface roughness is only 20 Å.
The refractive index of the silicon dioxide films, as measured by ellipsometry, does not show a significant dependence on the process parameters. For most samples, the refractive index equals 1.45 ± 0.02. Based on capacitance measurements, the dielectric constant of the films ranged from 5.0 ± 0.2 for deposition below 150
• C to 3.81 ± 0.03 for deposition at 350
• C. The uncertainty in these values represents the standard deviation for at least four repeat measurements. The higher dielectric constant observed for growth at lower temperatures is consistent with the incorporation of hydroxyl groups in the film [35] . The dielectric constant of silica has been found to obey the equation: ε = 3.8073 + 2.72 × 10 −22 × N , where N is the concentration of hydroxyl groups per cm −3 [35] . From this relationship, the hydroxyl concentration is calculated to be 4.38 × 10 21 cm −3 for the film deposited at 150
• C. In contrast, the SiO 2 film grown at 350
• C is, to within the error of the measurement, free of hydroxyl impurities.
Discussion
The PECVD of silicon dioxide has been well studied in lowpressure plasmas [4, 5, 23, [36] [37] [38] . It has been found that the deposition rate increases with oxygen partial pressure and RF power, but decreases with increasing temperature. These results have been explained by a two-step reaction mechanism. First TEOS and O atoms react to produce silicon hydroxide:
This reaction represents a sequence of four elementary steps, each involving the collision of an O atom with Si(OH) n (OC 2 H 5 ) 4−n molecules, where n = 0, 1, 2 or 3. The second step in the mechanism is the adsorption of TEOS, or one of the Si(OH) n (OC 2 H 5 ) 4−n intermediates. The oxidation of the ethoxide ligand can occur either before or after adsorption of the precursor.
Due to the low sticking probability of the precursor, adsorption is the rate-limiting step in the deposition process [11] . A low sticking probability is essential to achieve conformal coverage of SiO 2 in trenches and other integrated circuit features. Since the molecules collide with the walls of the trenches many times before a reaction occurs, they can attain a uniform concentration throughout the trench, and hence provide a uniform deposition rate [5] . Furthermore, it is known from precursor-state adsorption kinetics that the reactive sticking probability of a molecule declines with increasing temperature, consistent with the trend observed in figure 5 [39] .
The deposition of silicon dioxide with the atmosphericpressure plasma jet most likely follows the same reaction mechanism as described above for low-pressure PECVD. The growth rate obtained with the plasma jet shows a positive dependence on O 2 pressure and RF power, and a negative dependence on temperature (cf figures 3, 4 and 5). In other work, we have shown that the O atom concentration is high, ∼10 16 cm −3 , and increases with the O 2 partial pressure [19, 40] . The plasma jet also produces significant amounts of ozone, ∼10
16 cm −3 , and metastable molecular oxygen, ∼10 15 cm −3 , a 1 g state. Nevertheless, the ozone concentration is too low to produce an appreciable rate of reaction with the TEOS. The maximum ozone concentration recorded in the jet effluent was 300 ppm, whereas SiO 2 CVD with TEOS and ozone is carried at concentrations of 1.0 vol% O 3 [3, 41] . In addition, in figure 4 one sees that the deposition rate and the ozone partial pressure follow opposite trends with the RF power. With regard to metastable molecular oxygen, we cannot entirely rule out its participation in the reaction.
However, it is a much 'weaker' oxidant than O atoms, and is at a lower initial concentration.
In low-pressure plasma reactors, silicon dioxide films are deposited at a minimum temperature of 375
• C [4, 23, 37] . At lower temperatures, the SiO 2 layers incorporate significant quantities of hydroxyl groups and tend to be porous. Patrick et al [4] reported that silicon dioxide films deposited at 390
• C in a commercial low-pressure PECVD reactor exhibited a dielectric constant of 4.10±0.05. Hydroxide contamination is also a problem with SiO 2 films produced with the atmosphericpressure plasma jet. However, in this case, growth at 350
• C is sufficient to reduce the OH content to below the detection limit of the infrared spectrometer (cf figure 6 ). In addition, the dielectric constant of the SiO 2 films deposited at 350
• C is 3.81 ± 0.03. These results suggest that the atmosphericpressure plasma jet may produce films of superior quality to those obtained in low-pressure plasma reactors.
Another problem observed in low-pressure plasmas is the incorporation of organic species in the films. This results from electron collisions with the ethoxide ligands, causing them to dissociate into CH x fragments [11] . The organic impurities are reduced to a minimum by operating at an oxygen to TEOS mole ratio above 5.0 [4] . In the present work, infrared bands due to C-H stretching vibrations are not detected in any of the glass films. Eliminating the oxygen feed from the plasma simply reduces the growth rate to zero. Evidently, electron-TEOS collisions are not significant in the effluent of the plasma jet. We have taken Langmuir probe measurements 5 mm downstream of the nozzle, and they indicate a charged particle flux of 10 14 cm −2 at 100 W power [14] . This is already several orders of magnitude lower than the precursor flux required to yield the observed growth rate under these conditions.
It has been reported that the addition of small amounts of hydrogen to low-pressure plasmas can reduce the incorporation of hydroxyl groups and organic impurities in the SiO 2 films [42] . Several experiments were conducted in which about 2 Torr of H 2 was added either upstream through the plasma, or downstream to the nozzle. The addition of hydrogen to the nozzle had no effect on the deposition process. However, the addition of hydrogen to the plasma completely inhibited silicon dioxide film growth. Further experiments are needed to determine what effect hydrogen has on the reactive oxygen species generated within the plasma.
Conclusions
Silicon dioxide has been deposited by mixing TEOS with the effluent of an oxygen plasma jet operated at atmospheric pressure. The mechanism of SiO 2 deposition with the plasma jet appears to be the same as that observed in low-pressure PECVD processes. In particular, the TEOS decomposes by a two-step process, involving a reaction with O atoms to produce silanol intermediates, followed by the decomposition of these intermediates on the film surface into SiO 2 . Below 400
• C, the films generated with the atmospheric-pressure plasma jet contain fewer impurities than those generated in lowpressure PECVD reactors. In the latter case, electron-impact dissociation of the ethoxide ligands promotes the incorporation of impurities. In contrast, the plasma jet effluent contains an extremely low concentration of electrons and ions.
